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SUMAARY

An analysis of the Saturn I-Apollo static force distribution has been
performed to provide the basis for a quasi-steady analysis of the aero-~
elastic stability of the vehicle. The flow field over the Saturn I-
Anollo launch vehicle contains numerous regions of separated flow which
drastically alter the sfatic force distribution. The separated wake

from the tower mounted escape rocket has the largest single effect apon
the vehicle normal force distribution. The tower wake causes an increase
in the cowand module loading throughout the Mach number range .5 =4 =2.5,
and transonically a negative loading is induced on the forward service
module aft of the command modile shoilder by the reattaching escape rocket
wake. The wake also thickens the secrvice nodale boundary layer promoting
the flare induced separation forward of the service mcdale flare. ZRegions
of flare induced separation are present over the variouas other body flares.
In general, flare induced separation produces a negative loading on the
cylinder “orward of the flare in the region of the detached flare shocks
and increases the loading over the flare. If the §eparation reattaches

aft of the flare shoulder 3 negative load results in this region which is

sisilar to the negative Service modale load caused by the reattaching

escape rocket wake.
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| SUMMARY {Cont'd)

An aporoximation to the static load distribution is presented in

Appendix B for the two configurations of major interest (the basic
configuration and the current flight configuration). This approximation
amounts to replacing the various regions of positive and negative loading
over the body by 18 discrete body forze vectors plus a fin loading vector.
This lumped force approximation has been accomplished to facilitate the

| utilization of the data in a gquasi-steady aerodynamic analysis of the

responge of the elastic vehicle.
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DEFINIT:ON OF 3Y.EJL3

Forebody axial force coefficient, R

férebody axial force

1/2 p12 s
Normal force
1/2 p u2s

Normal force coeflicient,

Normal force coefficient slope, ao":/aocper dezree
Local normal force coefficient slope
Lumped normal force coefficient slope
Pressure coefficient, %7-‘-_23’2
:./0 |8
Reference length, 1lst stage diamcter - 1 caliber = 257 inches
Local diameter, calibers
Mach nuamber

ce .
, square feet

Reference area, s
Free stream velocity, ft/sec

Component of free stream velocity norm§l to body axis, fi/sec
Center of pressure, calibers

Angle of .attack, degrees

Free stream density, slugs/ft,3

Denotes zero angle of attack characteristics
Denotes radial position, degrees

Refers to second slope in triple slope approximnation of angle of
attack characteristics

Refers to third slope of triple slope approximation of angle of
attack characteristics
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TINTROLUCTION

In May 1962 Lockheed Missiles and Space Company was retained by the
Aeroballistics Laboratory of the NASA larshall Space Flight Center in a
consultant capacity to determine the aeroelastic stability of the Saturn I
launch vehicle with an Apollo payload. The quasi-steady ;erodynamic
analysis technique developed at L4SC (Reference 1) uses the static acro-

dynamic load distribution over the vehicle as an inpat.

This report presents the resilts of an analyéis of the static load
distribution over the Saturn I-Apollo vehlcle where the effects of the
nunerous regions of separated flow have been included, These data were

used in the quasi-steady dynamic analysis of Reference 2.

Since the Apollo payload with its escape system has the most important
effect on the vehicle dynamics a test progran was condacted in the

Unitary Plan Wind Tunnels of the Ames Research Center to accurately
determine the load distribation over the forward portion of the launch
vehicle. A daal balance segmented model was ased so that command modile,
service module, and ssrvice .sodale flare loads couald be determined for a
basic configuration which at that time represented the flight configuration
(Fié. 1). Other forebody configurations wers also investigated in order

to facilitate the analysis and to provide sone data needed for exiranolaiion
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INTRODUCTION (Cont'd)

to other escape rocket and tower configurations, The proposed test
program for configurations other than the basic configuration was,
however, greatly curtailed because it was considered to be research
testing which Ames could not adait due to a heavy test schedule. Figure
2 presents sketches of the configurations tested and References 3 and L
present the data obtained from the test program. These data were used
in conjunction with the results of variois other static force and
pressure tests (References 5, 6 and 7) to determine the static load

distribation over the entire vehicle.

Subsequent to the completion of this analysis a conficuration change was
made as may be seen in Figure 3, which presents a sketch of the current
"flight configuration.™ The analysis has, therefore, been extended using
the data of Reference 8 to determine the loadingz over the "flight con-

figuration.”

Appendix A presents an empirical pressurbt integration technique used to
integrate the data of Reference 5, while Appendix B includes a triple
slope approximation to the non-linear angle of attack characteristics

of the various discrete normal force coefficients which approxinates the
étatic force distribution of the "flight configuration.® These data are
intended to facilitate the inclusion of the separated {low force distri-

bution into a multi-degree of freedom dynamic simulation.
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SEPARATID FLOW EFTECTS

The Sstum BApollo configuration offers the aerodynamicist a anique oppor-
tunity to investigate the effects of separatéd flow on the aerodynamic
characteristics of large launch vehicles. Figare  illustrates the flow
field over the Saturn I-Apollo vehicle at a ifach number of 1.35. Almost
every type of flow separation is present: Retarded spike separation exists
forward of the escape rocket disk; the escape rocket wake impinging uvon
the command module is similar to separated flow froa the blunt tip of a
short spike; flare-induced separation is evident forward of the.service
modale flare, the second stage adapter ring, and the small tail flare; the
separation aft of the second stage adapter ring is of the hammerhead or
base wace variety., An examination of the aerodynamnic characteristics of
the Saturn I-Apoll>s venicle with escape rocket resoved reveals the presence
of nose-induced transonic separation. In the following discassion the
acrodynamic characteristics of various types of separation will be compared

with the SztuenI=Anollo component characteristics.

Spiked-Body Separation

For a spiked blunt body the spike tip, acting as the wake source, produces
a region of separated flow which impinges on the blunt aft body or wind-
shield. The spike greatly reduces the axial force of the windshield (sece
Figure 5). The axial force reduiction is a result of the decreased avera,e

velocity or dynzmic pressure field within the separated flow region.
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Accompanying the reduction in the average velocity are large velocity
gradients that, when coupled with the differential movement of the re-
attachment with angle of attack, produce a large increase in the normal
force derivative near < = 0°. Also a prodact of the differential move-
ment of the reattachment is the lirge stabilizing axial force moment.
Thus, as illustrated in Figure 5, the addition of a spike to a blunt
conical windshield produces a reduced axial force, an increased normal
force derivative, and a more stable pitching moment derivative. As
angle of attack is increased the spiked body characteristies approach

attached flow spike off characteristics.l

tThe command module characteristics (Figure 6) show great similarity with
the spiked—body’charaéteristics of the conical windshield. Addition of
the escape systea to the command module produces an axial force reduction
and a normal force derivative increase near zero angle of attack. The
dif ferences betﬁeen the tower on and tower-off characteristics, axial
force coefficient and normal force slope can be seen to diminish with
increased angle of attack. It is evident that the escape rocket disk

is eqivalent to the spike tip, i.e., the disk is the source of the wake
that impinges upon the command modale producing the non-linear charac-

teristiecs. One may postulate that removal >f the escape rocket disk will

1The reader is referred to Heference 9 for a further discussion of
spiked~body characteristics.
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reduce the wake, and therefore, be equivalent to redicing the spike
length. The effect upon the command module characteristics would then
be to increase the & = 0° axial force and decrease the normal force
derivative when compared to the disk-on configuration. It will be shown

later that this is precisely what happens.

Cone-Cylinder-Flare Separation

Much experimental data have been gathered on cone-cylinder-flare bodies
due to the suitability of this type of configuration to re-entry body
design. There are three distinct types of cone-cylinder~flare separation.1

1) Type I - Nose-induced separation,

2) Type II - Supersonic flare-induced separation,

3) Type III -~ Transonic flare-induced separation.
The three types of cone-cylinder-flare 3separation are illustrated in
Figure 7. Type I separation appears at high subsonic Mach numbers and is
caused by the larye adverse pressure gradient aft of the nose cone. This
tyoe of separation appears also on cone-cylinder bodies if the cone angle
is large. Type II separation is produced by the detached flare shocxk at
sapersonic Mach numbers and resembles retarded spike separation.2 Type
III separation is a possgible interim case between [ype I and.Type iI
separation. Type III separation is flare-indaced where, due to the short
cylinder length, the separation travels forward to the cone-cylinder

juncture. This type of separation resembles spike separation for less than

optimam spixke lengths.3

1 4 more complete discussion of cone-cylinder-flare separation is contained
in Reference 10.

2 Flow separation starting aft of the spike tip.
3 Flow separation starting at the svike tip.
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The separation-induced flare characteristics (Figure 8) are similar to

the spike-induced windshield characteristies (Figure 5). The flow separa-
tion causes a reduction of the axial force coefficient and an increase in

the normal force derivative of the flage. The sipersonic Type II separation
has less effect than the subsonic Type I sevaration due to the lesser extent

of the separated flow region,

Figures ¢ and 10 illustrate the effect of the esca.e rocket system on the
service module flare characteristics. The flare characteristics with escape
system in clace resemble normal attached flow ch- racteristics at M = 0.8.
Removal of the escape system causes Type I separation to occur at the cone~
cylinder juncture. This is evidenced by the characteristic non-linear
normal force curve and the corresponding axial force reduction. The
absence of Type I separation with the escape tower on is explained by the
spike-effect of the escape rocket. The escape rocket wake completely
encloses the command modale and the flow attaches aft of the comiand

mod 1le~-service module junctare.

The picture supersonically is reversed. Figures 9 and 10 at M = 1.35 .
indicate that the airflow over the flare is attached tower-off and separated
tower-on. Apparently the impinging tower wake, which contains a velocity
deficit, weakens the service module boundary layer sifficiently to promote
Type II flare-induced separation. It is interesting to note that the
shadowgraphs (which are not siitable for reproduction in this report)

indicate that the addition of the escape rocket and tower produced a
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subgtantially thicker turbulent boundary-layer forward of the service

modile flare. KXuehn has shown in Reference 11 that an increase in the
Reynolds number (Res) based on the boandary-layer thickness ( & ) at the
point where the flare first affects the cylinder static pressure, promotes
flare induced separation for a fully develo~ed turbulent boundary layer.

in other words, thickening the turbalent boundary layer forward of the flare

promotes flare-induced separation.

The effects of thickening the boundary layer forward of the flare w.th the
tower on can best be seen in Figure 11 where the characteristics of the
flare at & = 0° are plotted versus Mach nanber. Sipersonically one may

see that tower on the normal force derivative is increased, the axial

force crhefficient is reduced, and there is a general increase in stability
margin. These effe:ts are indicative of increased ‘lare induced separation
tower on. On the other hand sibsonically the separated flow effects on the
flare are lirzest tower-off where Type I nose indaced separation occurs.

The flare-induced separation effects on the basic configuratiou are present
throighout the iach number range .! == 2.5 peaking at 4 = 1.2. ihe flare
center of pressure for the basic configuration moves forward with increasing
Mach number and is, at ¥ = 2,5, forward of the attached flow center of
pressure (tower-off). This is a resualt of the decreasing sepnarated flow

region (see flow sketches in Figare 11), i.e., the separation-induced forces

are locabed farther forward on the flare for higher 4ach numbers. The forward

center of pressure stift at 4 = 1,35 for the tower-off confi,uration has the
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same cause. A mild flare-induced seraration is obtained on the tower-off
configuration at low superscnic Mach numbers. <The deviation between the
supersonic attached flow tower-off characteristics and the analytical pre-
dictions of References 12 and 131 will be discussed in connection with

the service module characteristieces.

PRESSURE DISTRIBUTION
The pressure distribution over the forward portion of the Saturn I-Apollo
vehicle produces surporting evidence for the precediné arguments. By
comparing tower-on and tower-o>ff pressﬁre distributions both subsonically
and supersonically the detailed separated flow effects may be examined,
By examining the pressure distributions ip detail the the phenomernon
responsible for certain pecularities, such as the subsonic separation over
the flare with the tower on, and the reduced flare effectiveness caused by
adding a cylinder aft of the flare, etc. may be understood. Since the
pressure distribation indicates that negative service modile loads should
be present a brief discussion of service module force characteristics is

included in this secti»n to substantiate the pressure data trends.

Subsonic Pressure lListribation

The pressure distribution over the forward pbrtion of the Saturn I-Apollo
vehicle is rather complicated sahsonically since juite different separation

phenomenon exist for the two configurations. However, by couparing the

1 The second order shock expansion method of Reference 13 has béen
programned for digital computer solution at LMSC (Ref. 1l.). This
program was ased to obtain the resulcts shown.
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# = 0.9 vressure distributions for tower om and tower off configurations
to one another (as shown in Figure 12) and to the theoretical attached
flow pressure distribution (see Sketch 1) one may see the various separated

flow effects.t

At a = 0° the aft conmand .t0dale pressures are lower with tower on which
indicates that the tow-r wake completel; encloses the command modile. At
a = 4% the pressure level 1s reduced somewhat more on the leeward side.

dn the windward side, however, the aft comwand nod de pressures are increased
substantially above the tower off levels, because the wake impinges on the
command modale and the high pressures associated with flow reattachment are

realized.

The effect of separated flow on the pressure districation aft of the command
nodale-service mod}le janectare is more subtle. One may see from the data
of Figure 12 that the forward service module pressures are more negative for
the tower on cenfisuration than for the tower off conficuration. In both
cases the windward side pressures are more ne;ative than the leeward side
pressures which is indicative of separated flow. This may be explained by

consulting Sketch 1 on the following page.

1 1t should be roted that the pressire data of Figares 11 and 12 for the
configiration with escape systean removed was obtained on a somewhat
shorter service module. The data oresented have been obtained by keeping
the same forward and art service module pressare levels and stretching
the distrabation out over the longer cylinder length. Cylinder length
does have some effect on the pressure peaks, particalarly at .1 = 0.9.
However, the effect is believed to be iinor in this case and animportant
for the compzrison of general trends.
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Theoretieal attached flow

Theoretical attached flow

+

Q

Pressure Coefficdent - cp

Impinging Escape

¥ose Induced Separation (2= Q9) Rookst Separation (a= 00)

Sketeh 1
By comparing the theoretical attached flow pressure disbributi&n with the
actaal pressure distribution one msy see how flow separation affects the
tower off configuration. The negative and positive pressure peaks over
the body are redaced by separation and the oressure gradients are also
reduced. With increasing angle of attack the separated boundary layer on
the windward side is thinned oat by cross-flow ef“ects and is strengthened
permitting a larger pressure gradient. Thus, the w;ndward pressure distri- ‘

bution approaches the theoretical attached flow distrivution producing more

megative pressures aft of the cone-cylinder junsture and higher positive
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pressures on the aft service module and lare. The converse is true on the
leeward side, but the effects are relatively small. The thickening and

1

weakening™ of an already thick and weak separated flow layer does not produce

any spectacuilar effects.

The separated flow effects for the tower on configufation are nore sabtle.

The wake from the escape rocket impinges at the command module shoulder and
reattaches on the service modile aft of the shoilder. At high subsonic Hach
nuunbers local nornal shocks produce a sudden pressure rise that the re-
attaching flow cannot withstand and reseparation occurs. The pressuare rise
through the normal shock accounts for the positive oressure coefficients

over the aft service modile. The reattaching tower wake only partially
destroys the lar;e negative pressure region aft of the command nodule shoulder

and the pressures are, therefore, 7iore negative iower con than tower off (Fip. 12),

With increasiﬁg anzle of attack the windward reattachment point moves [orward
onts the command module and the pressures aft of the command module approach
attached flow values, producing more negative pressures directly aft of the
command module and more positive pressures on the aft service module and
flare. In general, the converse is true on the leeward side. The exception
is the leeward pressure on the service module immediately aft of the command
modile which becomes more negative with increasing angle of attack. This
local effect is probably due to the aft movement >f the leeward reattachment

causing less of the reattachient pressure rise to be felt upstream at the

1 Due to cross flow effects
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command module-service modile junctare. This effect dould also contribute
to the windward side pressure drop when the reattachnent moves from the
service module onto the comaand aodule. The large reduction of the lee-
ward negative pressure farther aft of the command module {at .55 caliber

in Figure 12) may partly be czaused by this aft movemenit of the reattachment,
but most of the pressure rise should be contributed to the thickening of
the attaching boundary layer allowing the pressure rise through the local

normal shocks to be felt farther apstiream.

The flare pressure distributions shown in ®igure 12 reveal narked differences
in tower on and tower off characteristics. At ac = 0° the tower on pressure
levels are higher than the corresponding tower off pressare levels. The
primary factor contribating to the higher tower on pressure levels is the
smaller region of separated flow. Tower off the separation 13 larger and
the Tlare oressures are rediced more. The shock-indaced separation Lower

on i3 thinner and the flare characteristies are similar to attached flow in
that windward and leeward side increments due to angle of attack are nearly
equal. The tower off pressure distribution over the flare is similar to

the tower on pressare distribition over the coamand modale. Thus, the wind-
ward side pressure increase due to angle of attack is much greater than the

leeward side pressure redaction. The large separation tower offl produces a

1 The Type I ncse-induced separation discussed earlier.
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wake-like flow that ai a¢ = 0° completely encloses the service modile and
flare. Consequently, the flare characteristics for the nose-induiced separa-
tion tower off are sinilar to the command module characteristics in the

escape rocket wake tower cnl.

The shock-induced separation on the service module with tower on is
thinner and the flare can make its presence known by displacing the free
stream throach the separation layer producing more attached-flow-like

flare characteristics.

The pressure distribations aft of the service module flare are generally
sinilar tower on and tower off. The negative pressares at @C = O are less
in magnitude tower off than tower on. This is because the more extensive
separation touer_of?, with flow reatiachment farther aft of the flare
shoulder; destroys more'of the negative pressures produced by expanding
the flow around the shoulder. Both the tower on and the tower oif pressures
are\less in magnitude than for attached flow. The leeward side pressures
change little with anzle of attack while the windward pressures approach
éttached flow values for both configurations, as bthe windward side re-
attachment moves forward of the shoulder onto the flare. This shoalder
effect also reduces the positive pressures on the aft flare suggesting
that the addition of a cylindrical aft body to the flare will reduce the
flare normal force derivative, <his expected effect is verified by force

measureanents as will be shown later.

1 The similarity between nose-induced Type I separation on a cone-cylinder-
flare body and the separation from the tip of a spike of less than optimas
length was pointed out earlier.
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Supersonic Pressure Distribation

The sipersonic pressure distribitions (Figure 13) require little expianation
after this somewhat exhaistive discussion of the subsonic distribation. The
tower off configiration exhibits alnost completely attached flow charac-
teristica. At 4 = 1.43 a small flare-induced secaration is indicated by

the increased leeward pressure forward of the flare at @ = 4°,

For the tower on configuration the wake from the escape rocket impinges

apon the command moddle at zero anzle of attack. The pressure rise through
the shock formed at the impingement produces the pronounced peak appearing
in the pressure distribation on the aft command msdule. The outer higher
velocity portion of the wake passes through the impingement zone and re-
attaches on the service modale aft of the command modale shoulder. [he
pressure increase due to reattachment deforms Lhe pressure distribation on
the forward service modile (compare tower off). The boundary layer on the
service wodile i3 thickened by the reattaching wake and the flarceinduced
gseparation is more severe tower on., This 1s evidenced by the larger leeward

pressare dron on the flare at angle of attack \compare tower off in Fiqre 13).

At angle of attack the wake impinces farther forward on the windward side

of the ;ommand modale and the reattachment ~oint .oves forward. At ac = 4°
in Pigure 13 the windward side reattachment has moved forward onto the
comnand modile., This is revealed by the windward side pressure distribution.

The positive pressure peak on the aft command module approaches attached
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. flow values (compare 13a and 13b). Furthermore, the negative pressure

distribution on the forward service modale no longer snows any reattach-
men' deformation. The leeward side impingementl on the command module
moves aft with increasing angle of attack. At ac = 4° in Figure 13 the
wake no lon;er causes any impingement shock on the leeward command module

as can be seen from the pressure distribation. In absence of the iupinge-

ment shock higher velocity flow is expanding around the leeward shoulder

and the negative pressure on the service module at the shoulder is increased
and approaches attached flow magnitude (compare tower off), The high
velocity wake reattaching aft of the shoulder causes a 3strong recompression

alock evidenced by the sudden pressure rise in the sérvice module pressure

distribution.

Service Module Loads

The existence of leeward pressures that are higher than the corresponding

windward pressures saggest that regions of negative normal force exist

over the gervice module. 3y examining the service module force characteristics

it becomes evident that negative loadings exisi over the service modile.

Figure 1l oresents some typical service module normal force curves. One

may see that with the escape system on the service module normal force is

negative up to angles of attack of 6 or 7 degrees at transonic Mach nambers.

As lfach number is increases supersonically the negative ncrmal force regions

1 The word "impingement™ is used here to denote that the cater higher
velocity region of the wake is impinging on and being deflected by the

command module.
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aft of the command module and forward of the flare diminish, Thus the
service rodule normal force is pusitive at ¥ = 2.5 and not wuch less

than for the tower off configuration., V¥hen the angle of attack is

increased the normal force curves for both configuratione converge as

they both are apprroaching complete leeward ssparation at high angles of
attack, Figure 15 presents zero angle of attack service moduls charace
teristics tower on and tower off, and shows a comparison betwean suversonic
tower off cha.rac‘béristics and smalytieal prsdictiona, The zero angle of
attack service module characteristics for the basic configuration
dramatically illustrate the presence of the negative loading forward on

the service module, The negative normal force derivative and the forward
center of pressure legoation at transonic speeds indicate that the negative
normal force induced by the tower wake is larpe. As Mach number is in-
creased the negative forward loading decreases in wmarnitude and the center
of pressure moves aft. At K = 1.9 tho canter of pressure Lecases une
delireds This is cdue to e.qual positive and negative rnormal force loadings,
a pure force couple is acting on the service module, At Mach numbers
greater than 1.9 the service module load is positive but less than that

for attached flow smd the center of pressure is forward of the attached
flow (tower off) ecenter of pressure indicating 2lmost no negative loading fore
ward on the service module. Therefors, the reduced narmal forece derivative is
due to Type TI shock-induced separation farward of the service module flare,
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The tower off service module characteristics agreed reasonsbly well with
theoretical and empirical results for supersonic attached flow. The

deviations from second order shock pradictions may seem sarprising, bat
.the data of Reference 15 indlcates that such deviations exist for large

nose angles such as the 33° Apollo cone angle.

TFFECTS OF ESCAPE SYSTEY CONFIGURATION

A3 indicated by the preceeding discassion the escape rocket drastically
alters the aerodynamic characteristics of the forward body components. A
discussion of the effects of various escape system configurations should
be of benefit in understanding the flow phenomena involved and in pre-

dicting, at least qualitatively, the effects of possible future configu-

ration chances in the escave systen.

Command Moduale Characteristics

Addition of escape rocket and tower to the clean command modale»generally
increases the tommand modale normal force derivztive, moves the center of
pressure aft, and decreases the axial force. The escape rocket without the
. disk increascs the command modile normal force deriva.ive as much as 150%
transonically (Figure 1A). This increase in normal force derivative tails
off as Mach number is increased until at M = 2,5 the normal forece derivative
increment is only about 25{ of the attached flow value. Corresponding
reductions in the stability margin and axial force reduction at oc = 0°

are experienced. The escape rocket with disk on increases the command
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module normal force derivative as much as 375% over the clean command
module value. Corresponding increas:zs in the axial force reduction and
the aft center of pressure movement, caused primarily by the stabilizing
axial force moment, accompany this increase in normal force derivative.
Again the separated flow effects are seen to diminish with increasing

“iach number as the tower wake closes more with increasing :Mach namber.

The data presented in Figure 15 show a reduction in stability (forward
center of pressure movement) at M = 1.1 to 1.2 for the open tower cou-
figurations. The incremental normal force derivative and the axial force
reduction caused by adding the escape system also experience a reduction
over this Mach number range. The data in References 1¢, 17, 10 and 19

1. The data of Reference

show the same phenomenon for spiked blunt bodies
17 (Figure 17) indicates that the Mach number at which the axial force

increases occurs is somewhat a function of spike 1ength2.

The monocoque tower produces some very interesting effects. Transonically
the command modale plus tower loads are low, but at M = 1.35 a sudden

increase in normal force occurs with a corresponding rearward center of

1 The data in Fig. 1, Ref, 16 has to be interpreted with come care. The low
drag spike-off is realized because the blunt nose=tip causes the Type I
nose-induced separation resulting in decreased drag on the following conical
nose-section. .

2 7t is infortunate that the normal force and center of pressure data of
Reference 17 are masked by separaced flow effects on the aft body since
this reference is the only one kndwn to the aathors that inclides normal
force data for spiked bodies over the iransonic dach namber rangee.
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pressure movement gnd & redastion in axial force. The fiow over the command
moduale and monocoqae tower is attached subsonically but at sapersosic Hach
numbers a flare-induced separation occurs on the monocoque tower ahead of

the command mod ile prodicing the observed separated flow effects.

In general then, the addition of the escape rocket and open tower produces
separated flow effects on the coamand module that are similar to the effects
of a conventional f{low separation spike. Removing the escape rocket disk

is similar to shortening the spike and the separated flow effects are
reduced. Replacing the open tower with a monocogae tower produces a new
configuration. The configuration is no longer a spiked body but is similar
to a cone-cylinder-flarc body with a saberitical nose angle such that only

Type II flare-induced separation occars over the command moduale,

Service Modale and Flare Characteristics

The zero angle of attack characteristics for the combined service module and
flare (Figure 1) show that the negative cylinder loading over the service
module has a dominating effect upon the normal force derivative for the basic
configuration. Adding the escape rocket and tower to the clean configaration
redaces the normal force derivative. The effect on the center of pressure
can be explained by the co.abined effects of the negative cylinder loads, the
separation~-induced flare normal force and the axial force moment. As for

the command mod.dle characteristics discuassed earlier, the disk off configa-

ration renresents an intermediate case betwsen the clean and basgic
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configurations. Removing the disk reédaces the forward negative loading

on the servic; nodale (as is illustrated in Figure 151) as well as the
wake-triggered flare-induced separation. At supersonic spced the monocogque
tower does not change the spike-characteristics of the escape~rocket.
(Figure 18). At sabsonic Speeds, however, the flow is attached over the
command modale for the menocoque tower. Thus the nose-induced Type I
seoaratioﬁ occurs at the command modile shoulder, and the subsonic charac-

teristics are sinilar tc the tower-off characteristics.

An important effect of geometry is demonstrated in Figure 1o, viz. the
difference between the interstage flare of an ascent vehicle and the
terminating flare of a re-entry body. The cylindrical afterbody at the
interstage flare causes a substantial reduction in the separation-induced
flare load. This effect was also indicated by the pressure data in Figure

12,

How the various tower and escape rocket configurations affect the angle
of attack characterisiics of the coabined service modile and flare is
shown in Figure 19. In addition to confiraing the results just discussed

(Figure 18), Figure 19 shows that the effect of the various escape rocket

1 This effect at supersonic Mach numbers sugges.s that a similar redaction
in loads should be achieved transonically by removing the disk.
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configurations decreases with increasing anygle of attack and disappears
at high 'l The hysteresis loops at i = 1.0 for the tower off configu-

ration are the same as those obtained on re-entry bodies {Reference 20).

In -eneral than, the addition of the escape rocket and open tower reduces
the normal forece and oves the center of pressare aft on the combined
service modile and “lare. When the disk is removed the effects of the
escape rocket are reduced. Shrouding the eséape rockes tower does not
have any appreciable effects on the supersonic characteristics. A4t sub-
sonic speeds, however, the shrouding produces close to tower off charac-

teristics,
EFFECT OF SERVICE MODULE LENGTH

One would expect that increasing the service modale lenygth would have no
effect on the tower induced comnand modile and forward service module
loadings; however, the aft service modile and Tlare loadings would be
changed since the longer service module would allow a thicker boundary
layer to develop forward of the flare ﬁhereby increasing the effects of
flare induced separ;tion. Figure 20 compares the disk on normal force
distributions at & = 2° and 4 = 1,0 and 1.2 for the two service module
lengths, (1.134 and 1.387‘ca1ibers respectively). The forward service

module loading is plotted relative to the comasand module while the aft

1 The flow over the service modile and flare is then com-letely attached
on the windward side and completely separated on the leeward side
irrespective of the escape rocket configuration.
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service module load is plotted relative to the flare. lhere is no change
in the forward service modile loading due to cylinder length as expected
since this loading is parely a function of the escape system geometry.
The aft service modyle and flare loadings show the'follouing effects caused
by lensthening the service module:
1. The flare indaced negative loadiny occurs furtber forward of the flare,

2. Increased positive service module loading just forward of the
flare, )

3. Increased flare loading.

All three effec.s are consistent with the additional boundary layer growth
caused by lengthening the service module. However, when disk off normal
force derivatives are compared, as in Figure 21, one sees some pecdlisr

resilts.

Figure 21a shows the combined service modale and flare characteriatics for
a number of configurations. For the aisk on configurations the longer
service modile produces similar Oy, versus Mach number characteristics of
only slightly larger magnitudes than those for the short service moduale.
Figures 21b and ¢ indicate that this increased loading is caused by an
increased flare loading which is consistent with the thicker boundary layer
on the longer service modale, The disk off service modale and flare charac-
teristics are approximately the same sabsonically for both cylinder lengths
while saupersonically the longer service mnodule produces a much lower normal
force derivative than the short service module. Examining Figure 2lc one

sees that subsonically the long service nodule flare force follows the
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disk on trend while sapersonically it follows the tLowsr off trende

I. appears then .hat disk off the boundary laysr forward of the flare is
stronger on the loncer (1.387 calibe:) service modile and the flare induced
separation is reduced. Since this trend does not appear disk on it is
obviously intimately related to the extent of the tower wake. Disk off
the longer cylinder allows the service mod.ile boundary layer to become
comnletely reattached before it encounters the flare thereby reducing

the flare induced separation. Disk on the longer waxe prodaces a
transitional service wodule boandary layer which is not completely re-
attached forward of thne flare and lengthening the service module promotes
flare induced separation. ©absonically the local normal shocks aft of

the comnand module shoualder fix reseparation relative to the nose and disk

on and disk off characteristics are similar differing only in magnitude.

There exists then, at supersonic speeds, a critical cylinder length for
each escape configaration. Zor greater than critical (supercritical)
cylinder lengths the boundary layer forward >f the flare becoses completely
reattached. For the short service module (1.138 calibers) the cylinder
length is subcritical both disk on and disk off. The long service module
length (1.387 calibers)is supercritical disk off and the boundary layer

is eomnletely attached forward of the flare while disk on the long sertvice

modale length is still saberitical.
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NORMAL FORCE DERIVATIVE DISTRIBUTION

The preceaing discassion has been presented in an attempt to provide some
ihsight into how separated flow affects the Satarn I - Apollo configuration.
The comeclete normal force derivative distribation will be discissed in this
section, ani the sevarated flow effects will be shown to doninate the load

distribution.

Obviously the total normal force derivatives f the command nod.ls, service
modale, and service module flare can be otitained directly from the data of
References 3 and 4. [The pressure data of Refecrence 5 was used to obtain
the longitadinal distribition of the normal force derivative. Since the
data of Reference 5 was somewhat scanty in regard to peripheral pressure
distribation it was necessary to use an empirical integration technique to
obtain the integ}ated rormal for e at each station a: discussed in Appendix

A.

The longitadiral normal force distrib .tion was thus calcalated at QC= 2°
and 4°, The longitudinsl data point density was insufficient to determine
the various service module positive and negative load peaks, and it was
necessary to adjast the normal force distribation uaantil agreement with the
force data >f References 3 and 4 was obtained. The various positive and
negative service module normal force regions were integrated and replaced

b: discrete force vectors as shown in Sketch 2 on the following page.
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The lumped force vectors for & = 2° and 4” were faired through ac =0°
assuming symmetry for positive ana negative angles of attack to obtain the

1 "y A . C ~ = O [r1]
values of C“‘IE’ "P»'OCB’ Nxh’ and VNocg at Cc= 0 .. The same procedure
was followed with the lumped pitching moments., Since the lumped forces
are highly nonlinear with angle of attack it was necessary t> adjust the
a -fairing until sufficient agreement was obtained with the service modile
derivative and center of pressure data of references 3 and L. figure 15
illastrates the degree of agreement thus obtained. lhe lumped force vectors,
CNag’ CNGC3’ CN‘rh’ and CNQ:S were then distribated using the general shape

of the aC= 20 distribation as a guide.

The data of 3ieference 3 were used to obtain the normal force derivative
distribution over the flight configuration, disk off and long service mod.le,
for the Mach number range .8 to 1.28, These data were also used to obtain

the normal force derivative distribautions over the basic configuration, disk
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on and shori service modile, aft of the service module flare. This is
more reasonable than it might seea at first., The only aft body loadings
that would be affected by forebody configuration is the loading on the
second stage just aft of the service modale flare. It was found that
there was very little difference even in that loading between disk on and
disk off for the flight configaration. Therefore, it was reasoned that
the effect of service moduale length on the aft body loading woula be even

less and could be neglected.

The data of Reference % were used to obtain the higher iach number (4 = 1.L2
and 1.93) normal forc; derivative distributions for both the flight configu-
ration, disk off and long service module, and the basic configuration, disk
’on and short service module. At these high Mach numbers reattachment occurs
on the service modale flare and forebody geometry has negligible effect on

the aft body loads.

Bagic Configuration

The effect qf adding the basic escape sysvem configuration to the clean command
modale is illusérated in Figures 222 and b. The effect on the normal force
derivative distribution is quite drastic particilarly on the forward portion‘
of the vehicle. The command moduale loading is increased and large negative
loads are generated forward on the service module by adding the escape system.
Due to its spike effect the escape system eliminates the Type I separation

and redaces the separation-induced loadings aft on the service module, flar=,

and forward nortion of the second sta:e.




£1 53-40-113 - 27 - A Lissc/490318¢

Large negative loadings forward of tvhe variocus body flares appear suaper-
scnically as a resilt of the flare-induced Type II éeparaticns {Figures

22¢ and d). As the fach number is increased the flare~induced loads
decrease. The wa:e-indaced comwand module load remains relatively constant
when the Mach number is increased But the forward negative service module
load diminishes due to the reduaced size of the escape rockeb wake. Ihat
the deviations between the separated flow characteristics and the loading
one would compute using attached {low methods are large is vividly

denonstrated.

Flight Configuration

The normal force distribution with the disk added to the flight configaration
is compared to the disk off distritution in Figure 23. The disk produces
increased command modale loading, greater negative loadings on the forward
service modile and increased flare loading. The aft body loading (aft of
the service module flare) can be seen to vary only slightly between disik

on and disk off.

The loading on the second stage imzediatel; aft of the service module [lare
should be sensitive to forebody configurati§n. It appears, however, that
subsonicall the greater part of the negative loading forward on the second
stage i3 cauased by the normal shocks which occur at reattachment (Figures

23a and b). Therefore, this loading is, for all practical purposes, constant
for both canfiguratioﬁé and the subsequent aft body loading diflerences are
within‘the ac.uracy of the data. Supersonically reattachment occurs on the

service module flare and the sabsequent aft body loadings can be seen 10 be

practically identical for both configurations (Figures 23c and d).
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CONCLUSIONS

The flow field over the Saturn I-Apollo vehicle is dominated by numerous

regions of separated flow which have a drastic effect on the static load

distribution, The following conclusions can be drawn from the static

load analyeis:

1.

24

3.

Le

The various open tower configurations produce a waike which
causes an increased command module loading and may produce
a neggtive forward service module load dep@ding on the

wake size, .

Due to its thickening effect upon the service module boundary
Liyar, the tower wake alsoc prozotes flare imduced separation
at the servioce module flare.

Removal of the escape rockst causes complete (nose-induced)
separation to occur at the command module shoulder at high
subgscnic Mach numbers,

A critical service wmodule length exists for esach escape
configuration such that for suberitical lengths the service
module boundary layer is transitional or ndbt completely
attached forward of the flare; whereas for longer than
critical serviéo module lengthsthe boundary layer becomes
completely attached forward of £he flare, The transitional
boundary layer for subcritical cylinder lengths promotes

the flare induced separsation.
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S5« The loadings aft of the service module flare are relatively
insensitive te changes in the escape system configuration

and the service module length.

The major sources of flow separation over the Saturn I-Apollo vehicle are:
the tower mounted escape system, the blunt nose cone, and the steep inter-
stage flares. One may expect similar static force irregularities for other

vehicle configurations which exhibit similar gecmetric properties.
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APPENDIX A
DETERMINATION OF THE SERVICE MODULE LOAD IISTRIBUTION

As discﬁud in the body of this revort the normal force distribution over
the eervice module is altered drastically by separated flow. In order to
obtain a detailed load distribution it was necessary to make use of the
somewhat scanty pressure distribution data of Reference 5. In this appendix
the method of integration used to obtain the serviee module force distribu-

tion will be discussed.

Radial Pressure Distribuiion
figures A-la, b, and ¢ present three typisal radial pressure distributions

obtained from the data of Refarence 5. The data are plotted as Cpgy -~
Cp ¢ - 9Q° Vversus { macl,

where Gp ¢ 48 the pressure coafficient at any radial station

and Cp. ¢ = 90° is the pressure coefficient at § = 90°,

By plotting the data in such a manner angle of attack trends are readily
discernibls. The radial pressure distribution over.the command module is
nearly elliptical (Figure A-la), The cylinder data is, however, rather
irregular (Figures A~1b and o). The distribution at: Station 13 (Figwe
A-1g) resembles the pressure distribution obtained on a cylinder at high
angles of attack and shows the effects of flow separation. The faot that
the leeward pressures are higher than the windward pressures should not be
too disconcersing since Station 13 is in a reglon of shock induced separa-

tion. What is dirconcerting is the fact that the data point density
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(every 45°) is insufficisnt for any routine type of integration. A purely
emperical integration technique was therefore devised. This integration
method was adjusted to agree with the graphic integration of the radial

pressure distributions for a number of cases.

In brief, the emperical technique used amounted to fitting a rectangle and

two ellipses to the data as shown in sketch A-l below:

¢

p-0°
\\"‘¢
]
a
S
! ) |
S
2
[ &)
. EMPERICAL CURVE FIT - SKETCH Ael #

Using the same fit to both windward and leevard side prescure distribution

data one obtains the following expression for the loral nommal force"c‘oofri-

cient, Oyy3 .
O %*[Kl{@pﬁ 180° - Opp= 90°) = Cpgm 0 = Gpgu go0) (A1)

‘27{-{‘%- 1805 P e 1359) © Cope 0 = g 150)

BT g 1y~ Sge 0 Copu 5o = Sop 0}

~
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vhere Cg = Pressure ceefficient, f._].:..};m

Zp ue
d = Ipcal dimmeter at Station X
o = Reference length

# = Radial position as defined in Sketch Al

and the constants are:
Ky = .07
Kp = 337
K3 = 293

\ .

The constants K;, K,, and £, were obtained by trial and error comparison with
graphically integrated data.
Simplifying equation A-1 one obtains:

Ong = B W3 Oy L 19000 § - 0)* Wh(By g o 1390 pa1s?)  (AeD)

which is the expression used in integrating the radial pressure distiributions.

Longitudinal Normal Force Distribution

The normal force distributions obtained from the radial pressure integration
described in the preceding section were vletted and i.ntogratsd graphically,
The plots in Pigur; 20 in the body of the report show the eaxsellent szreament .
obtained with the normal force distribution data of Reference 8 over the
command module and forward service module, The difference in the afi service
module and flare distributions are the result of a difference in serviocs

module length for the twe sets of data as explained earlier.

[y
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The longitudinal force gistribution data is sparce. However, by utilizing
fi'brce data 'a reagonable fairing was obtained. Figures 2a and b show the
degrae of agreement obtained with the service module force data at &= 2
and & degress respectively. As explained in the body of the report the
warious cylinder positive and negative load regions were replaced by lumped
force vectors, faired through & = 0°, and the 1n-pod force derivatives
were obiained. Again adjustments to the force dsta were necessary until

the good agreement shown in Fizure 15 was obtained.



FIGURE A-/
REE A4-5
-

3

/0 . —z
- -. S—— —— U
£/ NOLLYLS O/-F 'O n 6 NOLLVLS /-~ S SNOILILS /- Ol
—— £ ﬂ
OIS CIOMIT T e —— s orrAray
FOIS OXMONM -_.\ _ _ VA0OT MU
X\

S/=py E\Hllu_v_ﬂﬂuuv g Ny
MUY IIDSINOD NSV P )

\k\Q s\kg\\kg “bsa.ﬂ& %\ .V\.V\o\\._\




- FIGURE AL &
PUGE A-6

SERVICE MODULE LOADS

% 04 a) o= 2°
¥
N
: 4
§é o % io } % 1
- O,
PN - L - ©
8 S Al
&
§8 —Of L
v /2 16 20 24 28
1
——f_ 1 | }
T -
BASIC CONFIGURATION
O FVRCE DATH REFERENCE
FANO &
§ 3o &15550250474 REFERENCE S
3
<
N\
$ v
¥ 2o/«
)
9
§
% /0 +
8 7] | | ] | i
Q T a 1 ] 1
3 \
Y
N
&
3
—0 L
8 12 /6 20 24 248

MACH NUMBER~M



FORCE COEFFICIENT ~ C,,

SELVICE NMOOUUE NORHIZIL

-
D
AN

OF

FIGURE A4-2 6

AL -7
SELV/CE MODULE LOADS
I 1) oc— 4°
f O ol
I
el I ! |
O A
© A
Vo4 /e 2.0 24 28

E
BISIC CONFIGLRATION

- QFORCE DI74 REFERENCE 3 AND #
O PRESSURE DATH CEFERENCE 5

bH

§ 20
~

3

}

)‘

g 20|
3

§”
Y,
g

3

3
N
]

>

N

9

12 /6 . 2.0 24 28
CH NUMBER~/M



T S3=40=113 - Bl - 150/303188

APPERDIX B

LMPED FORCE AFPROXIMATION TO THe LOAD DISTRIBUTION

As discussed in tbe body of the report, the various regions of poaitive and
negative loading may be replaced by discrete force vectors. The load dis=-
tribution changes with Mach number and some loadings wmerge while others
may disappear or change sign. Figure B-]l defines the general load distri-
bution and the 19 lumped forces (18 body forces plus the fin loading) used

to approximate the loading,

Various references were used to obtaim an estimate of the load distribution
for the various configurations, Tavle Bl below lists the configurations

and the sources used to obtain the load distributions,
TABIE Bl

SOURCZ OF DATA USED IN «CTIMATING LOAD DISTRIBUTION

Configuratim
Basie (8hort service Forebody Ref., 3, L and 5
moduls, disk on) Aft Body Ref. 6 and 8
Fins Ref. 7
Basic with escape Forebody Ref. 3, L, 7 plus extrapolation
rocket disk removed Aft Body Ref, 6 and 8
(Stort service woduls, Fins Ref, 7
disk off)
Flight Forebody Ref. 8 plus extrapolatiom
(Long service module, Aft Body Ref, 6 and 8
disk off) Fins Ref. 7
Flight with escape Forebody %ef. 8 plus extrapolation
rocket disk on (Long Aft Body Ref. 6 and 8
service moduls, disk on) Fins Ref. 7
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Forebody: Body forward of service modi:h flare « 2nd stage juncture
Aftbody: Body aft of service moduls flare - 2nd stage juncture

Finaj Ineludes total fin increment from force data {fins plus body

earry over) .

The method of obtaining the forebody loads on the basie configuration uwsing
force and pressure data has bean discussed previously in the boedy of the
report (section entitled "Normal Porce Derivative Distribution®)as has the
justification for using the data of References 6 and 8 to obtain the aft
body leading for all configurations., The fin increments were obiained
directly from Refarence 7., The forsbody loading over the flight configura=-
tion was obtained directly from Referense 8 after the data had been gero
shifted. These data covered the Mach mumber range .8 to 1,28, The zerc
angle of attack distribution was extrapolated using basic configuration data
ac a guide. The forebody data for the short service nodule, dsk off was
obtained by assuming that the flight configuration (long service module)
loading applied over the service moduls. The service moduls flare loading
was then obtained by computing the flare loading necessary to produce the

nroper service module - service module flare normal force derivative.

Flgures B~2 and B-3 present the ac = 0° lumped force derivative loads and
centers:of pressure for the flight configuration (long service module) disk
on and disk off. Figure Bl presents the ar= (° lumped force derivative
loads and centers of pressure for the basic configuration (short service

module) disk off and disk .
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*A triple slope aprroximation to the lumped force angle of attack echaracter-

istics is presented in Table B-II, Skeich B~l balow defines the triple

slope approximation,

Initial Slope /
\(Zero Offset)
S Slops 2

A Actual Charescterisiic

— T S slope

Otiset 2 / 3
[} -

Offset 3 /

!

Tamped Force Coefficient - G L

ANGLE QF ATTACK~ @
TRIPLS SIOPE APPHOXIMATION
Skateh Bl

N
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The slopes, zero offsets, applicable angle of attack ranze s and centers of
pressures of the foree vectors are given in the table. In some cases the
eame slope may apply over the complete angle range (0 to 8,0 degrees).

There are other cases where a double slope approximation yields sufficient
accwracy. Where these singularities occur the value of the applicable

tlope i8 repested 4n the table for completeness. There are cases s however,
where the slope may remain constant but the cemter of_pmsure changes as
indicated in the table. Data are presented for a Mach numbar range .8 to
1,28, dus to the absence of higher Mach number datas for the flight configura-

tion. Thess duta should not be used bsyoud an angls of atiask of 89,
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